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Abstract In this paper we present in situ observations of the heliospheric plasma sheet
(HPS) from STEREO-A, Wind, and STEREO-B over four solar rotations in the declining
phase of Solar Cycle 23, covering late March through late June 2007. During this time period the three spacecraft were located in the ecliptic plane, and were gradually separating
in heliographic longitude from about 3 degrees to 14 degrees. Crossings of the HPS were
identified using the following criteria: reversal of the interplanetary magnetic field sector,
enhanced proton density, and local minima in both the proton specific entropy argument and
in the alpha particle-to-proton number density ratio (Na /Np ). Two interplanetary coronal
mass ejections (ICMEs) were observed during the third solar rotation of our study period,
which disrupted the HPS from its quasi-stationary state. We find differences in the in situ
proton parameters at the HPS between the three spacecraft despite temporal separations of
less than one day. We attribute these differences to both small separations in heliographic
latitude and radial evolution of the solar wind leading to the development of compression
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regions associated with stream interaction regions (SIRs). We also observed a modest enhancement in the density of iron ions at the HPS.

1. Introduction
Since the 1960s, in situ spacecraft measurements of the interplanetary magnetic field (IMF)
have shown the direction of the IMF in the ecliptic plane alternates between “towards” and
“away” sectors as a quasi-stationary structure that co-rotates with the Sun (Wilcox and Ness,
1965). Threading through interplanetary space between the regions of opposite polarity is
the heliospheric current sheet (HCS), which was found to correlate with the streamer belt
at the Sun (Gosling et al., 1981; Borrini et al., 1981). More recently, Winterhalter et al.
(1994), Crooker et al. (2004), and Suess et al. (2009) found that the HCS is embedded in, or
adjacent to, a slow solar wind with enhanced proton density: the heliospheric plasma sheet
(HPS).
Enhanced proton density and a change in magnetic sector are not the only in situ identifiers of the HPS. Burlaga, Mish, and Whang (1990), and Siscoe and Intriligator (1993)
noted a drop in entropy correlated with the HPS. Winterhalter et al. (1994) found enhanced
plasma β to be another criterion for HPS identification. A local minimum in alpha particleto-proton number density ratio (Na /Np ) was found in the studies of Borrini et al. (1981),
Geiss, Gloeckler, and von Steiger (1995), Bavassano, Woo, and Bruno (1997), and Suess
et al. (2009). Suess et al. (2009) and Liu et al. (2010a) found a local depletion in the oxygento-proton number density ratio at the HPS. Suess et al. (2009) also found a possible increase
in the average iron charge state at the HPS, noting that it could be a remnant of interplanetary
coronal mass ejection (ICME) material.
In this paper we present in situ observations of a recurring HPS crossing over four solar
rotations: Carrington rotations (CRs) 2054 through 2057. The data presented here were acquired between March and June 2007 by three spacecraft: the STEREO observatories (ST-A
and ST-B; see Kaiser et al., 2008), and Wind (see Acuña et al., 1995). Throughout the observation period the three spacecraft were at similar heliographic latitudes (essentially in the
ecliptic plane), while their heliographic longitudinal separation increased from three degrees
to 14 degrees. Figure 1 shows the modeled neutral line (solid black curve; courtesy of the
GONG consortium) for the four CRs, overlaid on synoptic maps of the corona at a wavelength of 195 Å from ST-A/SECCHI/EUVI (Howard et al., 2008). The projected trajectories
of the three spacecraft are shown as nearly horizontal lines in red (ST-A), blue (ST-B), and
green (Wind). From top to bottom the panels show CRs 2054, 2055, 2056, and 2057. The
sector boundary region of interest is indicated with a light blue oval in each panel. Time
runs from right to left, so the spacecraft will be crossing from the “away” polarity of the
southern hemisphere to the “towards” polarity of the northern hemisphere in the indicated
region.

2. Data
The observations presented here are from ST-A, Wind, and ST-B. Wind plasma and electron
pitch angle data are from the Solar Wind Experiment (SWE, Ogilvie et al., 1995). Wind
magnetic field data are from the Magnetic Field Investigation (MFI, Lepping et al., 1995).
STEREO magnetic field data are from the Magnetic Field Experiment (MAG, Acuña et al.,
2008). Electron pitch angle distributions (PADs) are from the Solar Wind Electron Analyzer
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Figure 1 Modeled HCS (solid
black curve, courtesy of the
GONG consortium) overlaid on
synoptic maps of the corona at
195 Å from ST-A/SECCHI. The
projected spacecraft trajectories
are the nearly horizontal lines.
Red is ST-A, blue is ST-B, and
green is Wind. CR No. 2054
through 2057 are shown from top
to bottom, with the sector
boundary crossing of interest
indicated by the light blue ovals.

(SWEA, Sauvaud et al., 2008). MAG and SWEA are both part of the In-Situ Measurements
of Particles and CME Transients (IMPACT) suite (Luhmann et al., 2008). Plasma data are
from the Plasma and Suprathermal Ion Composition (PLASTIC) experiment (Galvin et al.,
2008). The process by which the PLASTIC solar wind plasma data were obtained is described below.
The PLASTIC investigation is novel in that each flight unit functions like three separate
instruments: a solar wind proton/alpha monitor, a solar wind heavy ion composition experiment, and a plasma and suprathermal composition sensor away from the Sun–spacecraft
line. Multi-functionality gives rise to a need for multiple geometric factors and fields-of-
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view within the same instrument. The first major subdivision within the instrument is based
upon the in-ecliptic (azimuth) field-of-view. The region that covers the Sun-spacecraft line
± 22.5 degrees is the Solar Wind Sector (SWS). The remaining portion is called the Wide
Angle Partition (WAP). All the data presented here are from the SWS. The SWS can be further subdivided into two sections based upon entrance aperture: the larger geometric factor
“Main” channel intended for heavy ions, and the smaller geometric factor “S” channel for
more abundant solar wind species such as protons. The PLASTIC electro-static analyzer
(ESA) steps through logarithmically spaced energy-per-charge (E/Q) steps from about
80 keV e−1 , down to about 0.2 keV e−1 . At the start of each ESA sweep the small channel is gated closed with an electric field, and the Main channel is open. Upon reaching
a set (but command-able) count threshold, the Main channel is closed and the S channel
is opened. The larger geometric factor in the Main channel allows for sufficient counting
statistics of heavy solar wind ions, and the switch to the smaller geometric factor prevents
the electronics and solid-state detectors from being inundated with the high-flux solar wind
protons. In-flight data show evidence that when the S channel entrance is in use a higher than
expected fluence of low E/Q ions is obtained (based on pre-launch testing and calibration).
The distribution of counts appears to be bifurcated in azimuth angle when the S channel
is engaged. This behavior has been linked to insufficient fringe-field control in the upper
section of the entrance system, which results in only partial suppression of ions through
the main channel gate. Proton data have been recalibrated after an extensive in-flight characterization of the S channel behavior. (See Opitz (2007) and Simunac (2009).) Iron data
were acquired in the main channel, where this is not an issue and pre-launch calibration is
applicable.
The data analyzed in this study were collected from late March to late June 2007, part
of the declining phase of Solar Cycle 23. Figures 2a, 2b, and 2c show data from ST-A,
ST-B, and Wind (respectively) covering 31 March through 1 April 2007. This time period
corresponds to the first HPS crossing (CR 2054) of the series. From top to bottom the panels
are: electron pitch angle distribution (PAD) [deg], proton density [cm−3 ] and proton specific
entropy argument (defined as T n−1/2 ) scaled by 10−4 [K cm−3/2 ], the radial (Br or Bx ) and
tangential (Bt or By ) magnetic field components [nT], alpha to proton number density ratio
(Na /Np ; a unitless quantity) and solar wind proton speed [km s−1 ], and lastly the iron ion
density. The iron density at ST-A is scaled by a factor of 106 [cm−3 ]. The iron density at ST-B
is shown in arbitrary units. The iron density is not available from the Wind spacecraft, so the
iron density observed by the SWICS instrument (Gloeckler et al., 1998) aboard ACE (Stone
et al., 1998) is shown in the bottom panel of Figure 2c. (ACE and Wind were both near L1.)
The regions in Figures 2a, 2b, and 2c shaded in light magenta correspond to the heliospheric
plasma sheet (HPS). The heliospheric current sheet (HCS) is shown as a vertical dashed
line. The process used to identify the HPS for this study is described in Section 3, using the
first HPS crossing at ST-A as an example.

3. Plasma Sheet Identification
In order to confirm that we identified a true sector boundary (rather than a local field
reversal), we examined both the magnetic field data and the electron PAD (cf. Crooker
et al., 1996). ST-A crossed the HCS on 31 March around 22:15 UT, when the electron flux distribution changed from predominantly 0 degrees to predominantly 180 degrees. This switch in the PAD from the “away” to the “towards” polarity shows that we
have identified a true sector boundary. In this case the sector boundary agrees with the
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(a)
Figure 2 (a) ST-A in situ data from the first studied HPS crossing. From top to bottom the panels are: 150 eV
electron PADs, proton density (black) and proton entropy argument (red), magnetic field components BR (red)
and BT (black), Na /Np (black) and solar wind proton speed (red), and iron ion density. The magenta shaded
region near the center is the HPS. The dashed vertical line is the HCS. (b) ST-B in situ data from the first
studied HPS crossing. From top to bottom the panels are: 150 eV electron PADs, proton density (black) and
proton entropy argument (blue), magnetic field components BR (blue) and BT (black), and Na /Np (black)
with solar wind proton speed (blue), and iron ion density. The magenta shaded region near the center is the
HPS. The dashed vertical line is the HCS. (c) Wind in situ data from the first studied HPS crossing. From
top to bottom the panels are: 193 eV electron PADs, proton density (black) and proton entropy argument
(green), magnetic field components Bx (green) and By (black), and Na /Np (black) with solar wind proton
speed (green). The bottom panel shows the iron ion density from ACE/SWICS. The magenta shaded region
near the center is the HPS. The dashed vertical line is the HCS.

location of the HCS, which is shown with a vertical dashed line in Figure 2. At the
HCS the radial and tangential magnetic fields both undergo and sustain a change in polarity. To identify the associated HPS we look for increased proton density (Winterhalter et al., 1994), accompanied by low proton entropy (Burlaga, Mish, and Whang, 1990;
Siscoe and Intriligator, 1993) and a drop in Na /Np (Borrini et al., 1981; Geiss, Gloeckler,
and von Steiger, 1995; Suess et al., 2009).
During the period in which the proton density is enhanced in Figure 2a, the proton entropy argument reaches a local minimum, and the alpha to proton ratio is minimized. We
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(b)
Figure 2 (Continued.)

interpret this region as the HPS for event identification. This process was repeated for the
events in this study listed in Table 1. The radial (i.e. along the Sun-spacecraft line) extent or
“width” of the HPS at each spacecraft provided in Table 1 was estimated by multiplying the
temporal duration by the average solar wind speed observed during that period. (The error
bars are based upon the uncertainty in the measured solar wind speed.) The HPS boundaries
were difficult to identify with confidence during CR 2056 because of the intrusion of two
transients, so they are not included in Table 1. This will be discussed further in Sections 4
and 5.

4. Observations
4.1. CROSSING 1, CR 2054
The first of the studied HPS crossings (see Figures 2a, 2b, and 2c) took place from 31
March to 1 April 2007 (CR 2054). At this time the STEREO observatories were separated
by only 3 degrees in heliographic longitude, and less than 1 degree in heliographic latitude.
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(c)
Figure 2 (Continued.)

The radial separation between ST-A and ST-B was about 0.06 AU, or 8.0 × 106 km. At
these scales, a solar wind feature that is roughly parallel to the ideal Parker spiral angle of
45 degrees and traveling away from the Sun is expected to arrive at Wind first, ST-A second,
and ST-B third. This is illustrated in Figure 3. The start times listed in Table 1 agree with this
expectation. As the HPS passed over the respective spacecraft, each observed an increase in
proton density, from 8 cm−3 to a peak of about 30 cm−3 . The density dropped back to 8 cm−3
following the passage of the HPS. ST-A/PLASTIC observed an increase in iron ion density
from about 250 × 10−6 cm−3 to 750 × 10−6 cm−3 . The iron density then returned to 250 ×
10−6 cm−3 at ST-A. The iron densities at ACE and ST-B were similarly enhanced when
encountering the HPS, with the absolute density at ACE increasing from 230 × 10−6 cm−3
to 1150 × 10−6 cm−3 . During this time the solar wind proton speed remained fairly steady
at the respective spacecraft. Based on the observed speeds and the crossing times, the HPS
was found to have a radial width of between 5.0 ± 0.1 × 106 km (0.033 ± 0.001 AU) and
6.7 ± 0.2 × 106 km (0.045 ± 0.001 AU). The HPS was narrowest at Wind and widest at
ST-A.

STB
start
[UT]

01 April
00:15

26 April
16:00

–

20 June
23:30

CR
No.

2054

2055

2056

2057

21 June
03:30

–

26 April
20:30

01 April
04:00

STB
stop
[UT]

Table 1 HPS Crossings.

378

–

441

380

STB Vp
[km s−1 ]

–
21 June
06:15

26 April
13:45

7.1 ± 0.2

–

31 March
21:15

5.1 ± 0.1

5.4 ± 0.2

Wind
start
[UT]

STB
radial
width
[106 km]

21 June
09:15

–

26 April
18:15

01 April
00:45

Wind
stop
[UT]

397

–

442

395

Wind Vp
[km s−1 ]

4.3 ± 0.1

–

7.2 ± 0.2

5.0 ± 0.1

Wind
radial
width
[106 km]

21 June
13:45

–

26 April
14:00

31 March
21:30

STA
start
[UT]

21 June
17:30

–

26 April
19:45

01 April
02:30

STA
stop
[UT]

385

–
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STA Vp
[km s−1 ]

5.2 ± 0.1

–

8.9 ± 0.2

6.7 ± 0.2

STA
radial
width
[106 km]
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Figure 3 Locations of the three
spacecraft on 31 March 2007.
A segment of the idealized Parker
spiral is shown as a light brown
line crossing the panel at 45
degrees. This demonstrates how
the HPS (assumed parallel to the
Parker spiral) could cross the
Wind spacecraft, followed by
ST-A and then ST-B.

4.2. CROSSING 2, CR 2055
The second HPS crossing (see Figures 4a, 4b, and 4c) took place on 26 April 2007 (CR
2055). The STEREO observatories were separated by 5.5 degrees in heliographic longitude,
and by 0.08 AU in heliocentric radial distance. Like the first case, the HPS is expected to traverse Wind, then ST-A, and lastly ST-B. The proton density enhancement was more modest
than the first crossing, increasing from about 7 cm−3 to 16 cm−3 . The iron density at ST-A
slowly increased from about 200 × 10−6 cm−3 to 375 × 10−6 cm−3 . The enhancement is less
pronounced at ACE with an increase from about 200 × 10−6 cm−3 to 285 × 10−6 cm−3 . The
iron density at ST-B shows a similar trend. Again the speed was fairly constant throughout
the HPS, but at 430 to 440 km s−1 the observed speed was faster than during the first crossing. The observed HPS widths ranged from about 7.1 ± 0.2 × 106 km (0.047 ± 0.001 AU)
to 8.9 ± 0.2 × 106 km (0.059 ± 0.001 AU).
4.3. CROSSING 3, CR 2056
The sector boundary crossing during CR 2056 was modified by the passage of magnetic
clouds associated with eruptions from active region 10956. Kilpua et al. (2009) identified
two magnetic clouds encountered by ST-A during 22 – 23 May 2007, while ST-B and Wind
encountered one magnetic cloud during this period. Based on Grad–Shafronov reconstruction, Kilpua et al. (2009) found ST-B and Wind crossed near the center of the first cloud,
while ST-A received just a glancing blow. The second cloud delivered a much more direct
impact to ST-A (Möstl et al., 2009), and had a slight encounter with Wind, but missed ST-B.
(See Figures 1 and 6 of Kilpua et al., 2009.)
Assuming an equatorial, sidereal, solar angular rotation speed of 14.38 degrees per day
(Newton and Nunn, 1951) and taking into account the motion of the spacecraft, the third
HPS crossing was expected to take place on 23 May 2007, when the STEREO observatories
were separated by about 9 degrees in heliographic longitude and 0.1 AU in radial distance
from the Sun.
Figures 5 and 6 present the in situ ST-B and ST-A data (respectively) for the time period
in which the third HPS crossing was expected to occur, with a day or so of margin shown on
each side. Crooker, Gosling, and Kahler (1998) and Crooker et al. (1998) studied magnetic
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(a)
Figure 4 (a) ST-A in situ data from the second studied HPS crossing. From top to bottom the panels are:
150 eV electron PADs, proton density (black) and proton entropy argument (red), magnetic field components
BR (red) and BT (black), Na /Np (black) and solar wind proton speed (red), and iron ion density. The magenta
shaded region near the center is the HPS. The dashed vertical line is the HCS. (b) ST-B in situ data from
the second studied HPS crossing. From top to bottom the panels are: 150 eV electron PADs, proton density
(black) and proton entropy argument (blue), magnetic field components BR (blue) and BT (black), and Na /Np
(black) with solar wind proton speed (blue), and iron ion density. The magenta shaded region near the center
is the HPS. The dashed vertical line is the HCS. (c) Wind in situ data from the second studied HPS crossing.
From top to bottom the panels are: 193 eV electron PADs, proton density (black) and proton entropy argument
(green), magnetic field components Bx (green) and By (black), and Na /Np (black) with solar wind proton
speed (green). The bottom panel shows the iron ion density from ACE/SWICS. The magenta shaded region
near the center is the HPS. The dashed vertical line is the HCS.

clouds at sector boundaries, and found that the magnetic cloud can cause the sector boundary
to arrive early, thus the need for our margin. The magnetic clouds identified by Kilpua
et al. (2009) have been shaded in grey and labeled as MC 1 (magnetic cloud 1) and MC 2
(magnetic cloud 2) in Figures 5 and 6. Kilpua et al. (2009) identifies the sector boundary
crossings at both ST-A and ST-B on 24 May based upon the reversal of the electron heat
flux distribution. No clear HPS could be identified that met all of our criteria.
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(b)
Figure 4 (Continued.)

4.4. CROSSING 4, CR 2057
The final crossings of the HPS (see Figures 7a, 7b, and 7c) in the study period took place
on 20 and 21 June 2007 (CR 2057). The STEREO observatories were separated by about
14 degrees in heliographic longitude, and 0.12 AU in orbital radii. The longitude separation was dominant over the radial separation for a structure lying along the 45 degree ideal
Parker spiral, and the HPS arrival order agreed with expectation: ST-B, followed by Wind,
and finally ST-A. Unlike the first two crossings, the proton density profiles are noticeably
different between the three observatories. ST-B saw a moderate change from ∼ 2 cm−3 to
6 cm−3 . Wind observed a more extreme range of 4.5 cm−3 to 30 cm−3 . ST-A observed an
intermediate range of about 4.5 cm−3 to 15 cm−3 . The speed profiles at ST-A and ST-B
are essentially flat while the HPS is crossing over them, but there is an increase in speed
at Wind. The iron data from ST-A show the density increases from about 150 × 10−6 cm−3
to 250 × 10−6 cm−3 . At ACE the iron density increased from about 70 × 10−6 cm−3 to
260 × 10−6 cm−3 . Again, ST-B also observes an enhancement in iron density. The radial
width of the HPS ranged from 4.3 ± 0.1 × 106 km (0.029 ± 0.001 AU) to 5.4 ± 0.2 × 106 km
(0.036 ± 0.001 AU).
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(c)
Figure 4 (Continued.)

5. Summary and Discussion
We have combined in situ observations from three in-ecliptic spacecraft slowly separating
in heliographic longitude to study successive crossings of the HPS over four solar rotations. This study is unique in its multiple vantage points for each crossing of the HPS. We
can therefore compare plasma parameters not only from one solar rotation to the next, but
within the same Carrington rotation over time scales of hours. We have chosen several questions to address with this data set. First, can the HPS be better described as transient (cf.
Suess et al., 2009) or quasi-stationary (cf. Liu et al., 2010b) in nature? Second, what is the
origin of disparities in the HPS properties from one spacecraft to another when the temporal
separation between observations is much less than a Carrington rotation? Third, what can
we learn about the solar source region of the HPS?
To begin addressing the first question we infer the in-ecliptic geometry of the HPS in the
vicinity of the spacecraft for the three Carrington rotations without magnetic clouds (CR
2054, 2055, and 2057). Each panel in Figure 8 shows the locations of the three spacecraft
in the ecliptic plane at a time when Wind encounters the leading edge of the HPS. The
radial (i.e. along the Sun-spacecraft line) width of the HPS at each spacecraft was calculated
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Figure 5 ST-B in situ data from the period in which a HPS crossing was expected in CR No. 2056. Magnetic
cloud 1 (MC 1) as identified by Kilpua et al. (2009) has been shaded in grey.

using the in situ speeds and start/end times. These widths are shown in Figure 8 as grey
lines. Curves have been added to guide the eye and visualize the leading (violet) and trailing
(green) edges. Figure 8 shows that the HPS lies roughly parallel to the ideal Parker spiral
(light blue curve) in the ecliptic plane for the three cases not disturbed by ICMEs. The
Parker spiral curve shown in each panel is based upon the average measured solar wind
speed during the HPS passage at Wind. The widths vary from spacecraft to spacecraft within
each Carrington rotation (2054, 2055, and 2057) in a way that is inversely proportional to
the average measured solar wind speed. We interpret this as compression resulting from
interaction with the fast stream following the HPS.
Foullon et al. (2009) studied the same HPS crossing in CR 2053 and found the width
along the Sun–Earth line to be 560 – 580 RE , or 3.6 – 3.7 × 106 km. The average width from
the three observations in CR 2054 is 5.6 × 106 km, and in CR 2055 it is 7.7 × 106 km. In
other words, the radial extent of the HPS is growing from one CR to another before it is
disrupted by the ICME in CR 2056.
Suess et al. (2009) suggest that the HPS is created through the transient release of plasma
“blobs” with low Na /Np from streamer cores. They further propose that the blobs are split
by flow shears, resulting in the HCS being observed on one edge of the HPS, rather than
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Figure 6 ST-A in situ data from the period in which a HPS crossing was expected in CR No. 2056. Magnetic
clouds 1 and 2 (MC 1 and MC 2) as identified by Kilpua et al. (2009) have been shaded in grey.

in the center of the HPS. (See Figure 15 of Suess et al., 2009.) In this scenario we would
expect multi-point observations within the same solar rotation to show some cases with the
HCS at the leading edge of the HPS, and others at the trailing edge. Figure 9 shows the
proton density plotted against time for all three spacecraft during the HPS crossings of CR
2054 (top panel), 2055 (middle panel), and 2057 (bottom panel). The regions identified as
the HPS at each spacecraft have been shaded. The vertical black lines indicate the location
of the HCS. In CR 2054 the HPS straddles the HCS, with more HPS material following
the HCS than preceding it. In CR 2055 and 2057 the situation is reversed, with most of the
HPS preceding the HCS. Figure 9 shows that the location of the HCS within the HPS is
similar from spacecraft to spacecraft within each Carrington rotation. The HPS appears to
be quasi-stationary (rather than transient) on time scales of a day or less, consistent with
Liu et al. (2010b). At the same time, the HPS is clearly changing from one solar rotation to
another. In other words, the HPS is quasi-stationary for a day (or longitudinal spatial scales
of 14 degrees), but less than a Carrington rotation. A follow-up study with multi-spacecraft
observations at larger temporal (spatial) separations is planned to narrow this range.
Our second topic is differences in observed HPS properties over time scales much less
than a Carrington rotation. Looking again at the density profiles in Figure 9, they are similar
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(a)
Figure 7 (a) ST-A in situ data from the fourth studied HPS crossing. From top to bottom the panels are:
150 eV electron PADs, proton density (black) and proton entropy argument (red), magnetic field components
BR (red) and BT (black), Na /Np (black) and solar wind proton speed (red), and iron ion density. The magenta
shaded region near the center is the HPS. The dashed vertical line is the HCS. (b) ST-B in situ data from the
fourth studied HPS crossing. From top to bottom the panels are: 150 eV electron PADs, proton density (black)
and proton entropy argument (blue), magnetic field components BR (blue) and BT (black), and Na /Np (black)
with solar wind proton speed (blue), and iron ion density. The magenta shaded region near the center is the
HPS. The dashed vertical line is the HCS. (c) Wind in situ data from the fourth studied HPS crossing. From
top to bottom the panels are: 193 eV electron PADs, proton density (black) and proton entropy argument
(green), magnetic field components Bx (green) and By (black), and Na /Np (black) with solar wind proton
speed (green). The bottom panel shows the iron ion density from ACE/SWICS. The magenta shaded region
near the center is the HPS. The dashed vertical line is the HCS.

between the three spacecraft for CR 2054 and 2055. The density enhancements are about the
same in magnitude, though small-scale structures within the enhancements are certainly not
identical. The bottom panel in Figure 9 is the density profile for CR No. 2057. On 21 June
2007 the heliographic longitude separation between ST-A and ST-B was about 14 degrees.
The HPS was encountered by ST-A about 14 hours after its arrival at ST-B. The density
profiles are clearly not in agreement between the three spacecraft. The density enhancement
is by far the greatest at Wind. The density profile at ST-A is lower by a factor of about 2.5,
and lower by yet another factor of 2 at ST-B. The large rise in density at Wind, not present
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(b)
Figure 7 (Continued.)

at the other spacecraft, is particularly interesting given that Wind was located between ST-B
and ST-A in both space and time. Figure 10 shows that the speed profiles at ST-B and ST-A
are more or less flat in the vicinity of the HPS, while the solar wind speed at Wind was
undergoing a gradual increase. The duration of the HPS crossing at Wind was also shorter
than at ST-A and ST-B. The difference in density and duration, combined with the increasing
speed observed at Wind suggest a developing compression region due to the interaction of
slow and fast streams. In fact, the end boundary of the HPS at Wind also meets the definition
of a stream interface (SI): an abrupt drop in density accompanied by an increase in speed
and temperature and a westward flow deflection (Burlaga, 1974; Gosling et al., 1978).
The top panel of Figure 11 shows the ST-A/SECCHI/EUV synoptic map for CR 2057.
The HPS crossing of interest is indicated with a light blue circle, and the coronal hole
from which the fast stream encountered by Wind most likely originates is highlighted
in green. The bottom left-hand panel in Figure 11 is a synoptic map created from STA/SECCHI/COR1 images at 2.2 RSun . About one fourth of Carrington Rotation 2057 is
shown. The nearly horizontal red, green, and blue traces are projections of the ST-A, Wind,
and ST-B spacecraft trajectories. The heliographic latitude separation between the three
spacecraft is about 2 degrees, with ST-A and ST-B bracketing Wind. The light blue cir-
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(c)
Figure 7 (Continued.)

cle indicates the region associated with the CR 2057 HPS crossing, while the outline of
the coronal hole is shown in green. The SECCHI synoptic map shows both a streamer associated with the HCS and a pseudo-streamer (which does not mark a change in magnetic
sector; cf. Wang, Sheeley, and Rich, 2007). Both the streamer and pseudo-streamer are potential sources of slow solar wind. The lower right-hand panel of Figure 11 shows the solar
wind speed obtained from the WSA model using magnetograms from the Wilcox Solar Observatory as input. The WSA model output shows slow solar wind originating from both
the streamer and the pseudo-streamer in Carrington rotation 2057. As there are no obvious
changes in the source region (based upon imaging observation), the most likely explanation
for the differences in speed and density between the three spacecraft is that Wind connects
to the fast wind from a coronal hole at a Carrington longitude where ST-B and ST-A are
encountering material from the streamer belt and/or the pseudo-streamer. Connection to different source regions is possible with the small heliographic latitude separation between the
spacecraft (Schwenn, 1990).
The final topic we address is what we can learn about the solar source region of the
HPS. We observed changes in composition coincident with the HPS, setting it apart from
the adjacent non-HPS slow solar wind. This is shown in Figures 12a, 12b, and 12c. In each
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Figure 8 The locations of the
spacecraft are shown for the HPS
crossings observed during
Carrington rotations 2054, 2055,
and 2057. (The crossing during
Carrington rotation 2056 was
disrupted by the passage of
magnetic clouds.) The red
diamond is ST-A, the green circle
is Wind, and the blue triangle is
ST-B. The measured radial
widths are shown as grey lines,
while the boundaries have been
connected with purple and green
traces. An ideal Parker spiral is
shown in light blue based upon
the average solar wind speed
measured in situ by Wind/SWE.

panel the black trace is the proton density, red is alpha density, and green is iron density.
The alpha and iron densities have been scaled for easier comparison with the protons. It
should again be noted that the iron densities shown for ST-B (Figure 12b) are in terms
of arbitrary units. Figure 12c shows ion data from the L1 spacecraft ACE because iron
densities are not available from Wind. The proton densities shown in Figure 12c are from
ACE SWEPAM (McComas et al., 1998), while helium and iron densities are from ACE
SWICS (Gloeckler et al., 1998). In all panels of Figures 12a, 12b, and 12c the identified
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Figure 9 Solar wind proton densities at ST-B (blue), ST-A (red), and Wind (green) during CR 2054, 2055,
and 2057. The HPS crossing at each spacecraft is indicated with shading. Vertical lines indicate the position
of the HCS.

HPS has been shaded. The first compositional signature of the HPS is an increase in proton
density, one of our required criteria for identification. We found that alpha number density
(in red) shows little if any depletion in the HPS compared to the adjacent regions, so the
change in the alpha to proton density ratio is attributed primarily to the increase in protons.
All three spacecraft (ST-A, ST-B, and ACE) observed a modest increase in the density of
iron ions (green traces) coincident with the HPS, consistent with observations presented by
Schmid, Bochsler, and Geiss (1988). CR 2054, 2055, and 2057 were free of transients, so we
do not attribute the increase in iron density to remnants of ICMEs. The enhancement in iron
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Figure 10 Solar wind proton speed at ST-B (blue), ST-A (red), and Wind (green) during the CR 2057 HPS
crossing. The HPS crossing at each spacecraft is indicated with shading.

Figure 11 Top panel: Same format as Figure 1, CR 2057. The coronal hole outlined in green is the most
likely source of the fast stream observed by Wind. Bottom-left panel: Modeled HCS overlaid on a synoptic
map of the white-light corona at 2.2 RSun . The outline of the same coronal hole as the top panel is shown
in green. Bottom-right panel: Expected solar wind speed from the output of the WSA model for the same
longitude region as shown in the bottom-left panel.
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(a)
Figure 12 (a) Solar wind composition data from ST-A. 10 minute averaged proton density is shown in
black, 10 minute alpha density (multiplied by a factor of 30) is shown in red, and 2 hour accumulated iron
density (multiplied by a factor of 2 × 104 ) is shown in green. The shaded regions indicate the HPS. From
top to bottom are CR 2054, 2055, and 2057. (b) Solar wind composition data from ST-B. 10 minute averaged
proton density is shown in black, 10 minute alpha density (multiplied by a factor of 30) is shown in red,
and 2 hour accumulated iron density (in arbitrary units) is shown in green. The shaded regions indicate the
HPS. From top to bottom are CR 2054, 2055, and 2057. (c) Solar wind composition data from ACE. 1 hour
averaged proton density is shown in black, 1 hour averaged alpha density (multiplied by a factor of 30) is
shown in red, and 2 hour accumulated iron density (multiplied by a factor of 2 × 104 ) is shown in green. The
shaded regions indicate the HPS. From top to bottom are CR 2054, 2055, and 2057.

is less than or equal to the increase in protons. Gravitational stratification would result in a
greater depletion of iron than helium (Wimmer-Schweingruber, 2002), so our observations
do not support gravitational stratification at the solar source region for the cause of He
depletion relative to protons in the vicinity of the HPS. This is consistent with the results of
Wimmer-Schweingruber (1994). Evidence for gravitational settling in the cores of streamers
has been presented in studies such as Raymond et al. (1997) and Uzzo et al. (2003). The
HPS material observed in this study is unlikely to have originated in streamer cores.
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(b)
Figure 12 (Continued.)

To sum up: Based on three-point observations, the undisturbed HPS was found to lie
roughly parallel to the idealized Parker spiral in the ecliptic plane. The location of the HCS
within the plasma sheet was similar between all three spacecraft within a Carrington rotation, indicating that the HPS is quasi-stationary over the time scale of about a day, rather
than transient in nature. However, the HPS clearly evolved from one solar rotation to the
next. A further study is planned to narrow the range over which the HPS can be described as
quasi-stationary. Next, the kinetic solar wind parameters associated with the HPS observed
at the respective spacecraft were not identical, even though the temporal separation between
observations was small, less than 1 day. Separation in heliographic latitude, though small,
is the most likely explanation for the disparities between observation points. Lastly, in the
absence of ICME material we observed a modest enhancement in the density of iron ions
with each crossing of the HPS, similar to the observations of Schmid, Bochsler, and Geiss
(1988). This supports the conclusion of Wimmer-Schweingruber (1994) that gravitational
stratification at the solar source region is not responsible for the well-observed Na /Np de-
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(c)
Figure 12 (Continued.)

pletion associated with encounters of the HPS. This suggests the source of the HPS material
sampled in this study was not streamer cores.
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